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ABSTRACT

Planar Rayleigh scattering measurements using an ArF-excimerlaser
have been performed to investigate helium mixing into air atsupersonic speeds.
The capability of the Rayleigh scattering technique for flowvisualization of a
turbulent environment is demonstrated in a large-scale, Mach 6facility. The
detection limit obtained with the present setup indicates thatplanar, quantitative
measurements of density can be made over a large cross sectionalarea (5 cm by

10 cm) of the flow field in the absence of clusters.



INTRODUCTION

Instantaneous, nonintrusive measurements of flow fields play an
important role in fluid mechanics. Various laser-based techniquesutilizing
pulsed lasers may be employed to acquire flow visualization data. Some of these
techniques require seeding the flow with species which exhibit largescattering
cross sections.1.2 In supersonic and hypersonic facilities, where seeding presents
environmental or technical problems, the Rayleigh scatteringtechnique may be
utilized for flow visualization.3.4 Investigations of the Rayleigh scattering
technique in supersonic flow fields indicate that the scatteringcould
predominantly be caused by clusters which are formed as a result ofcooling
which takes place during the expansion process.5.6 An investigation of the
pressure and temperature dependence of the Rayleigh signal in suchan
expansion indicated that the signal is strongly dependent on thelocal values of
these quantities in the flow.7.8 In this paper, we present the results of our planar
Rayleigh scattering measurements which were performed on a threeinjector
model designed by the California Institute of Technology(CALTECH). The
motivation was to investigate the unsteady component of hydrogenmixing into air
at Mach 6 in a scramjet engine. Since injection of hydrogen was notpossible in
this facility, it was replaced by helium injection because the flowproperties
exhibited by both species are similar. The Rayleigh scatteringresults will be
presented along with a comparison of the Rayleigh data withmean-flow
parameters obtained from probe measurements performed by CALTECH. This

comparison will elucidate the range of usefulness of the Rayleightechnique for
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flow visualization of a turbulent environment and its limitation inthe presence of
clusters. We will also discuss the present detection limit anddemonstrate that
planar, quantitative measurements of the density in such flowfields can be

performed in the absence of clusters.

EXPERIMENTAL

The experiments were performed in the Mach 6, high Reynoldsnumber
facility at NASA Langley Research Center. The facility test sectionwas modified
to admit a UV excimer laser and to allow the visualizationexperiments. Helium
was injected into the free stream from three nozzles at variousstagnation
conditions (varied stagnation pressure, temperature, and boundarylayer) to
simulate mixing of hydrogen into air at Mach 6. Due to a largedifference in the
Rayleigh cross section (about a factor of 100 at 193 nm) betweenhelium and air in
the molecular regime, one would expect to see no Rayleigh signalwhere the

helium is present at large concentrations in the flow.

Fig. 1 shows a diagram of the injector model used for theseexperiments.
In the design of the injector, the concept of shock-generatedstreamwise vorticity
has been utilized to enhance mixing of fuel into air in scramjetcombustors. 9-12
The geometry allows formation of strong pressure gradients inproximity to
fuel/air density gradients, providing vorticity generation viabaroclinic torque.
The shock-generated vorticity is a loss-effective means forenhancing mixing and

alleviating adverse heating at the combustor wall. The fuel isinjected parallel to
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the intended thrust vector providing full utilization of themomentum of the
injectant. The planar images presented in this study were obtainedat ten injector

heights downstream of the injection plane.

Figure 2 shows a schematic of the Rayleigh experimental setup. Inthese
experiments, the output of a dual-cavity (oscillator andamplifier) ArF pulsed
laser with a pulse duration of 15 ns and a repetition rate of 10pulses per second
was used as the light source. The broadband output near 193 nm wasformed into
a sheet with a thickness of about 1 mm and a height ranging from 2.8to 6 cm by a
series of cylindrical lenses (CL1 through CL4). The height of thesheet was varied
depending on the measurement station and the resolution required. The beam
traversed the test section through two wedged windows and a series ofapertures.
The Rayleigh scattered light generated in this experiment wasimaged onto a
gated, single-intensified, charge-coupled device (CCD). Anintensifier gate
duration of 90 microseconds was used to remove room light. Thevideo signal
from the camera was fed into a distribution amplifier. One outputwas digitized
using a frame grabber and stored in a computer while the secondoutput was
stored using a video recorder. The video level was also monitoredto insure that
the detection electronics were not in a saturation regime. In thisway, a planar

image of the Rayleigh scattered light was obtained.

To improve the detection limit of the Rayleigh scattering instrument,it was
necessary to minimize the losses in laser energy; to reduce thebackground light

from windows and walls; and to maximize the solid angle ofcollection. The first
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task was accomplished by purging the path of the beam between thelaser and the
test section window using pure nitrogen. This reduced absorption ofthe beam by
molecular oxygen.13.14 Rectangular apertures were placed between the optics to
reduce scattered light and to trap the back reflections. Theoutput energy of the
laser was about 130 mJ/pulse after the amplifier. About one halfof this energy
was lost by the end of the optical train, so that the usable energywas typically
about 60 mJ/pulse. To minimize the effect of the laser lightscattered by the
windows and walls, rectangular (50.8 mm x 127 mm) wedged windowswere
used. Apertures were designed to capture the 4 percent reflectionsdue to the
windows and to limit the height of the beam inside the testsection. All the
surfaces inside the tunnel, including the model, were constructedfrom stainless
steel which has a low reflectivity of about 5 percent at 193 nm(the reflectivity
increases with wavelength). This overall design provided thecapability of making
measurements to within 3 mm above the model surface withnegligible
background signal. Finally, an imaging system, consisting of two050.8 mm
diameter lenses with focal lengths of 30.5 cm and 15.2 cm, was usedto optimize
the solid angle of collection. The imaging lenses were placed at adistance of
about 76 cm from the plane of observation. The magnification of thelens system
at 193 nm was determined experimentally to be about 6. The CCDcamera
consisted of a two- dimensional pixel array (384 X 488) where thedimension of
each pixel was 30 by 18 micrometers. An effective resolutionobtained with this
lens and the camera system was about 1 mm in the plane ofobservation. When
the maximum gain was used on the intensifier, we observed that a2.5 torr

pressure change at room temperature would result in a one-countchange in the



6

digitized camera signal. At this maximum gain, a single-shotdetection limit of 2

x 1017 air molecules/cm3 was estimated. Since under typical operating condition

(Pt =1000 psi, Ty = 475° F.), the freestream density in this facility is about 5 x 1018

molecules/cm3; this detection limit is sufficient to perform planar Rayleigh
scattering measurements of the flow field in the absence of anyclusters in the free

stream of this facility.

To minimize uncertainties associated with the photon-flux, volumeof
interaction, solid angle of collection, transmission of the optics,and the quantum
efficiency and the gain difference between different pixels on theCCD, it was
necessary to calibrate the laser/camera system. This calibrationwas performed,
as before,7.8 by pumping the test section down to a range of pressures ofinterest
and obtaining the Rayleigh scattering measurements at these knownair
pressures. For these experiments, 22 images were averaged for eachpressure
and normalized to the average energy. For each pixel, a linearplot of the
Rayleigh signal as a function of the pressure was obtained. Using alinear least-
squares fitting routine, the slope and the intercept with theirassociated
uncertainties were determined and stored in a file. The flow fielddata were
converted to pressure data at room temperature using thiscalibration file. This

procedure removes the systematic nonuniformities in thelaser/camera system.

During the time that the tunnel was operational, it was not possibleto enter

the facility. To verify the stability of the laser, the energyoutput was measured
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before and after the test section. To do this, a small portion ofthe beam was
directed to a lens which reduced the beam size. The beam was thendiffused by a
scatter plate and was detected by a fast photodiode (PD). Thesignal output of the
detector was processed by sample and hold detection, and wasdigitized and stored
in the computer. This provided us with a measure of the averagelaser energy
which was used for normalization of the signal. To minimize theshot-to-shot
variations in the intensity, a section of the frame with a constantpattern was
chosen and the entire image was then normalized to the averagedvalue of the
signal in that section. This latter procedure minimizes thecombined effect of the
laser intensity and the flow field fluctuations due to variation instagnation

conditions.

Finally, in order to be able to compare the planar Rayleigh imageswith both
the probe data and the CFD calculations, it was necessary to convertthe position
of each pixel to the actual position in a plane perpendicular tothe flow in the
tunnel. To do so, a square grid constructed from a plate ofaluminum was placed
perpendicular to the flow direction such that the bottom of thegrid was flushed
with the surface of the model, and its center was coincident withthe center of the
model. In the beginning of each run, after all the adjustments onthe laser beam
and the camera system were made, the grid was placed at the positionof the laser
beam and was illuminated by some scattered laser light at 193 nm. An image of
the grid was obtained and was used to convert the pixel array tospatial position in
a plane perpendicular to the flow. This procedure allowed aspatial comparison

between the Rayleigh images and both the probe data and the CFDcalculations.



RESULTS AND DISCUSSION

Figure 3 shows a plot of two consecutive Rayleigh images obtainedat
10 injector heights downstream from the injectors. These data wereobtained for
the condition of matched helium and air static pressures with thehelium
stagnation temperature of about 300 K. The Rayleigh signal has beenconverted to
pressure at room temperature using the calibration file. Inaddition, each image
has been normalized to the average value obtained in the rectangulararea shown
in the figure. Due to the cluster formation in the tunnel, it wasnot possible to set

the intensifier gain to the maximum value under these experimentalconditions

(Pt =600 psi, Ty = 475° F.). The gain was set experimentally to avoid saturation

and remained constant throughout the experiments. For this runcondition, the
intensifier gain was set to give a one-count change in the camerasignal for every
8 torr of pressure at room temperature (The maximum number ofcounts
available was 28). The deduced calibration intercept reflected the presetthreshold
of about 12 counts on the digitizer. The maximum statisticaluncertainties for the
deduced slope and intercept were about 7 percent and 20 percent,respectively.
These uncertainties defined a detection threshold of about 16 torrfor our system in
this case. For the data presented in Fig. 3, low signal levelswhich are below our
detection threshold have been assumed to be equal to zero (blackarea the picture)
for the purpose of presentation. The symmetric structure outsidethe helium

region and the reproducibility of this structure from shot-to-shot(Fig. 3) indicates
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that the calibration and the normalization procedures describedabove work well
for this flow field. The large signal levels observed point to thepresence of
clusters which complicates the interpretation of the Rayleigh dataand requires
instrumentation with a large dynamic range. In fact, when thetunnel was

operated at a stagnation pressure of Py = 1000 psi (same stagnation temperature),

we observed a band of very large signal levels around the heliumregion (not
present in these data) which dominated the flow field image. Thisindicates that,
when using the Rayleigh scattering process for flow visualization inthe presence
of clusters, one has to be extremely careful. To avoid this, wewere forced to
operate at a lower stagnation pressure of 600 psi. At thispressure, the bright

band disappeared.

For comparison between the probe and the Rayleigh scattering
measurements, probe data were obtained at a stagnation pressure of700 psi. A
detailed description of the probe measurement technique is outsidethe scope of
this paper and can be found in reference 11. Here, we will onlylist the
measurements and discuss the sources of uncertainty. Pitotpressure, cone static
pressure, total temperature and composition measurements were madeover a
two-dimensional grid of 140 discrete points. The composition datawas obtained
using a sonic, aspirated, hot-film based, gas sampling apparatus. The apparatus
allowed measurements of helium mole fraction with an uncertaintybetter than
3 percent. The raw data were mirrored about the axis of symmetry ofthe jet and
reduced to obtain base flow variables (e.g., density and statictemperature). The

reduction of the raw survey data was based on iterating the systemof ordinary



10
differential equations which describe conical flow and pitotpressure relation in

P« and M, for gas properties defined by the composition and totaltemperature

measurements. An effective cone angle was adopted to correct thedata for
Reynolds number effects. The correction has no uniform validitythroughout the
flow field. Misalignment of the probes, significant flowangularity in some
regions, and sensitivity of the reduction technique to uncertaintyin the raw data
further limit the extent to which the reduced data may be reliedupon to
accurately represent characteristics of the flow field. The reduceddata were used

to provide only a rough quantitative measure of base flowvariables.

A comparison between the averaged Rayleigh data (in units ofpressure
(torr) at room temperature) and both the mass density (in unitsof kg/m3) of air
and the static temperature (in units of Kelvin) deduced from theprobe
measurements in the flow field is presented in Fig. 4. In thisfigure, the Rayleigh
data (labeled as (a)) is rotated to represent viewing along adirection parallel to the
flow, and Y and Z are respectively the actual horizontal andvertical spatial
coordinates normalized to one injector height (the injectormeasured 1 inch in
height and 0.5 inch in width). These data were obtained for thesame test
condition described above and represent the average flow field (22laser shots) for
the central injector. Again, using the calibration file, theRayleigh signals have
been converted to pressure (torr) at room temperature. It is seenfrom this figure
that the qualitative agreement between the Rayleigh results and thededuced

mass density of air (labeled as (b)) from the probemeasurements is remarkable.
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The shape of the density gradients in both data sets is the same. That is to say, in
spatial regions where the probe data undergoes a rapid change indensity, the
Rayleigh data also does the same but with a different magnitude. The static
mean-temperatures (labeled (c)) deduced from the probemeasurements exhibit a
large variation from 40 to 250 K in this flow field. As a result,the strong
dependence of the cluster formation process on the local temperatureand
pressure?.8 in the flow field creates a large variation in the Rayleighsignal.
Nevertheless, it is seen that the variations in the Rayleigh signalcorrelate well
with the mean-air-density gradients deduced from probe data. In theflow regions
exhibiting high static temperatures, the Rayleigh signal may begenerated by only
air molecules. However, the turbulent nature of the flow (to bediscussed)
prohibits us from making a quantitative comparison between theaverage mass
density deduced from the probe measurements and the Rayleighresults in those

flow field regions.

The greatest utility of the Rayleigh images in terms of defininginjector
performance was not representation of time-mean data, but rather aqualitative
display of the fluctuating component of the flow field. Determiningthe scale and
the importance of the unsteady component of the flow field is vitalin properly
interpreting the detailed mean flow data obtained from the probemeasurements.
Figure 5 shows the single-shot data obtained for this run condition forthe central
injector. In this figure, two consecutive laser shots, labeled (a)and (b), are shown
in the same coordinate system as in Fig. 4. These data have beenprocessed in the

same manner discussed previously. Since the laser pulse durationis 15 ns, the
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flow is considered frozen for this single-shot data. From thesepictures, the
turbulent nature of the flow is evident. To estimate the extent ofthis turbulence,
we calculated the fluctuating component for 22 images labeled as(c) in Fig. 5.
This computation was performed by considering the nonzero values ofthe
pressure deduced for single-shot data and calculating the mean andthe standard
deviation of the mean value for these nonzero values. The relativestandard
deviation of this nonzero component represents the fluctuatingcomponent. This
procedure enhances the fluctuating component at the boundarybetween helium
and air in the flow field but decreases the effect of low signallevels, where the
frequency of occurrence of a nonzero component is very small. Inother words,
the dark area inside the helium region, in Fig. 5(c), does not meanthat the flow is
steady there, but it reflects near zero signal levels. On theother hand, the dark
region outside the helium core reflects steadiness of the flowfield in that region.
In Fig. 5(c), it is also seen that the region where the fluctuatingcomponent is the
largest (20%) appears to correlate with the static mean-temperatureplot shown in
Fig. 4(c). That is, regions with large temperature gradients alsoshow higher
fluctuating components. Since each image has been normalized tothe averaged
value of the signal in a section of the same frame, thefluctuations observed
cannot be due to the change in the laser energy or the stagnationconditions (note
that outside the helium region the fluctuating component is nearlyzero). In
addition, the overall agreement between the averaged Rayleighresults and the
deduced mean-density indicates that, under these experimentalconditions, the

clusters enhance the effect of variations in the thermodynamicparameters.
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CONCLUSIONS

In this paper, we have demonstrated the capability of Rayleighscattering
technique for flow visualization of a turbulent environment in alarge-scale, Mach
6 facility. We have shown that useful fluid mechanics informationsuch as the
turbulent nature of the flow can be derived from the single-shotdata. In addition,
the qualitative agreement between the averaged Rayleigh result andthe reduced
mean-mass-density obtained from the probe measurements furthersubstantiate
that careful application of the technique, even in the presence ofclusters, can give
very useful results. We have also demonstrated that planar,quantitative

measurements can be made in the absence of clusters.
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FIGURE CAPTIONS

Fig. 1. Ilustration of the model geometry.

Fig. 2. Schematic diagram of the experimental setup. CL: cylindrical lens;

W: window; B: baffle; L: spherical lens; PD: photodiode.

Fig. 3. Corrected Rayleigh images for two consecutive laser shots. See text for

detail.

Fig. 4. a) the averaged Rayleigh data converted to pressure(torr) at room
temperature for 22 laser shots; b) the mean-density of air (kg/m3) deduced from
probe measurements; ¢) the mean-static temperature (K) deducedfrom probe

data. See text for detail.

Fig. 5. a) corrected single-shot image of the Rayleigh signal forthe central
injector; b) the same as (a) but for another laser shot in thesame sequence; c) the
fluctuating component of the Rayleigh signal for 22 laser shots inthe same

sequence. See text for detail.



